Introduction {#Sec1}
============

The COVID-19 pandemic has caused the worst economic contraction since the Great Depression. According to the International Monetary Fund (IMF), the global economy is expected to decline by 3% in 2020, with advanced economics experiencing double that loss (Gopinath [@CR28]). To counteract this economic shock, governments worldwide have already spent \$9 trillion in direct fiscal stimulus, public sector loans, equity injections, guarantees, and other fiscal measures (Battersby et al. [@CR13]). Most of this expenditure---\$8 trillion---has been by the Group of Twenty (G20) advanced and emerging market economies.[1](#Fn1){ref-type="fn"} This amounts to 4.5% of gross domestic product (GDP) on average for the G20. It is anticipated that further spending to stimulate economies will continue through 2020 and into 2021 if not longer (Battersby et al. [@CR13]).

The focus on the immediate public health and economic crises of the pandemic has largely relegated climate and environmental concerns to the background. To date, very little of the \$9 trillion of fiscal spending during the COVID-19 has been directed towards low-carbon energy and other "green" policies. As noted by Helm ([@CR35], p. 25), "In the very short term, the coronavirus has dominated almost all political and administrative bandwidth, with little time to pursue other environmental priorities." In comparison, during the 2008--2009 Great Recession, the G20 and a handful of other economies allocated nearly 16% of their total fiscal stimulus to "green investments", such as low-carbon energy, energy efficiency, pollution abatement and materials recycling (Barbier [@CR5], [@CR7]).

But as the economic downturn has deepened, attention has shifted from addressing the immediate crisis to how to "build back better" (UN [@CR61]). There are increasing calls to develop a "greener" fiscal response, in order to ensure that climate goals are not sacrificed (Bozuwa et al. [@CR14]; Hepburn et al. [@CR36]). Others have stressed the need to enact a longer term transition to a sustainable, low-carbon economy, through targeted public spending combined with removal of fossil fuel subsidies and carbon pricing (Barbier [@CR10]; IMF [@CR42]; The Economist [@CR59]). This raises issues as to whether a different "policy mix" is required for short-term (1--2 year) fiscal measures as compared to a medium to long-term (5--10 year) strategy for a recovery leading to a green economic transition, and what is the correct role of price reforms, as opposed to public spending, in this policy mix.

Devising green strategies for the economic recovery is becoming essential. Although global carbon dioxide (CO~2~) emissions have fallen sharply during the pandemic, they have risen by 1% annually over the past decade as growth in energy use from fossil fuels outpaced the rise of low-carbon sources and activities (Jackson et al. [@CR43]; Peters et al. [@CR55]). The 2020 fall in global CO~2~ emissions of around 2--7% over 2019 levels is likely to be temporary, as the world economy recovers (Le Quéré et al. [@CR46]). There is also concern that the pandemic will further undermine the commitment to global action on climate, biodiversity and other environmental issues (UN [@CR61]). Evidence is emerging that the crisis has led to weakening of environmental regulations and their enforcement worldwide, with consequences for environmental quality, pollution and land use change (Helm [@CR35]; Troëng et al. [@CR60]).

The G20 economies are at the center of this concern over how the world economy should recover from the coronavirus. They comprise nearly two-thirds of the world's population and land area, 82% of GDP and 80% of global CO~2~ emissions.[2](#Fn2){ref-type="fn"} The G20 also dominate the "green race" for environmental competitiveness and innovation in key global industries, such as machinery, motor vehicles, engines and turbines, steam generators, iron and steel, batteries, electricity generation and distribution, and domestic appliances (Fankhauser et al. [@CR24]). Thus, greening the post-pandemic recovery in the G20 will have important implications not just domestically but also for the future structure of the world economy, the generation of employment, the distribution of wealth and income, and the mitigation of global climate and other environmental risks.[3](#Fn3){ref-type="fn"}

Finally, any long-term strategy for greening the post-pandemic recovery of G20 economies will have to be affordable. As noted previously, these economies have already spent \$8 trillion on combatting the health and economic crises, and will continue to do so in the near future. Such high levels of deficit spending cannot continue indefinitely without creating unsustainable levels of national debt, which will be just as dangerous as burdening future generations with an economy that is environmentally unsustainable. How to pay for the green transition must be part of the conversation over policy strategy.

Consequently, there are a number of important research questions concerning what a post-COVID green recovery should look like for G20 countries. Here, I highlight and discuss four:What are the lessons learned from the 2008--2009 Great Recession for greening the G20 economic recovery over the long term?What pubic investments are important and what pricing reforms, if any, are needed?How much would such a long-term strategy cost, and how is it paid for?What are the likely implication for employment and the distribution of wealth and income?

This paper examines each of these questions in turn. As will become apparent, they are arranged in terms of increasing difficulty to answer at this stage of the current economic downturn. However, all four questions pose important challenges for research in environmental economics and policy at a critical time for both the world economy and the global climate and environment.

Lessons Learned from the Great Recession {#Sec2}
========================================

During the 2008--2009 Great Recession, I was asked by the United Nations Environment Programme (UNEP) to devise their "Global Green New Deal", a plan to lift the world economy out of the crisis. My UNEP report was eventually revised and published to include a review of the green stimulus plans by all G20 countries during the Great Recession, examining what worked and what did not (Barbier [@CR5]). Since then, I have looked at further progress in green policies in G20 economies, including recent Green New Deal proposals (Barbier [@CR6], [@CR7], [@CR9]).

Although the economic downturn resulting from the COVID-19 crisis is unlike any other we have experienced in recent history, I believe that there are four important lessons from these previous efforts to green economies.

First, a key distinction must be made between short-term stimulus spending for emergency relief and to jump start an economy that is in a deep recession or contraction, as opposed to a longer term transition to a sustainable, low-carbon economy.[4](#Fn4){ref-type="fn"} In other words, there is a difference between policies that are aimed at reviving the economy we already have, compared to policies that are aimed at building the type of economy we want. These policy objectives are not necessarily mutually exclusive and should be overlapping, but unfortunately in times of crises, there is a tendency to emphasize the former and to ignore the latter.

For example, in the short-term (e.g. 1--2 years), the tendency is to focus on additional spending packages that ignore the consequences for public debt and fail to introduce additional measures such as carbon pricing. As we saw during the Great Recession, such stimulus can and should contain "green" elements, some of which may have longer term beneficial implications for greening the economy.[5](#Fn5){ref-type="fn"} However, to transition to the type of economy we want---a sustainable, low-carbon economy---we need to adopt additional policies that will set in place that transition, as soon as it is feasible to do so.

Second, in order to implement a longer term policy strategy for a green transition, then policies for a sustained economic recovery amount to much more than just short-term fiscal stimulus. Green structural transformation will require long-term commitments (5--10 years) of targeted public spending and pricing reforms. If the aim is to transition from fossil fuels to a sustainable, low-carbon economy, then public spending should support private sector green innovation and target key infrastructure investments. Pricing carbon and pollution, and removing fossil-fuel subsidies, can accelerate the transition, raise revenues for the necessary public investments, and lower the overall cost of the green transition. In short, public spending alone will not de-carbonize the economy and make it sustainable. There is a need for complementary pricing reforms to transition to a greener economy. Implementing these reforms will provide not just the incentives, but also the finance, for long-term investments in low-carbon energy and for reducing dependence on fossil fuels.

Third, any long-term policy for greening the recovery must not only be workable but affordable. In the Global Green New Deal, I suggested that the targeted public spending required for a sustained green recovery and transition would require expenditure of at least 1% annually of GDP by G20 economies (Barbier [@CR5]). I believe that this is still a reasonable price tag, even over 5--10 years. But this cost is still high. Even before the pandemic, I argued that such levels of funding over many years should not be funded through deficit spending (Barbier [@CR9]). Saddling future generations with unsustainable levels of national debt can be just as dangerous as burdening them with an economy that is environmentally unsustainable and raises climate risks. Deficit spending is warranted to boost overall demand for goods and services when unemployment rises, consumers do not spend and private investment is down, which is the case for the sharp global contraction causes by the current health crisis. But as noted in the Introduction, G20 economies have already spent upwards of \$8 trillion during the pandemic (Battersby et al. [@CR13]). This is again where pricing reforms, such as removal of fossil fuel subsidies and pricing carbon through a tax, can help enormously in paying for the public spending required for greening the recovery.

Finally, for G20 economies, a long-term policy commitment to transition to a sustainable, low-carbon economy makes sense as an industrial strategy (Fankhauser et al. [@CR24]; Harrison et al. [@CR34]; Rodrik [@CR57]). For example, Fankhauser et al. ([@CR24]) maintain that there are several strategic sectors whose transformation is central to the creation of a green economy. These areas include industrial processes, which need to become cleaner and more resource efficient (e.g. iron and steel); sectors that are important for energy efficiency on the supply side (electricity distribution systems) and the demand side (domestic appliances); the energy supply chain for electricity generation and other industrial processes (steam generators; engines and turbines; electric motors and transformers); and car manufacturing (low-emission and electric vehicles) and key components (accumulators, primary cells and batteries). Fankhauser et al. ([@CR24]) find that the "green race" to become global competitive leaders in these industries is between eight G20 economies---China, France, Germany, Italy, Japan, South Korea, the United Kingdom and the United States. Thus, a strategy that focuses on policies that promote green innovation in these industries is essential to the overall structural transformation of G20 economies, and in turn, as argued by Rodrik ([@CR57], p. 472), "industrial policies have an indispensable role in putting the global economy on a green growth path."

National Experiences {#Sec3}
====================

It is instructive to explore further the efforts to stimulate a green recovery during the 2008--2009 Great Recession.

Almost the entire global green stimulus during the Great Recession was by the G20 economies (see Table [1](#Tab1){ref-type="table"}). They devoted nearly 16% of their total fiscal stimulus to "green investments", such as low-carbon energy, energy efficiency, pollution abatement and materials recycling. In fact, just four economies---China, the United States, South Korea and Japan---accounted for around 85% of the global green stimulus over 2008--2009.Table 1Green stimulus during the 2008--2009 Great Recession.*Source*: Barbier ([@CR5], [@CR7])EconomiesGreen stimulus (US\$ bn)Share (%) of green stimulus in:Low carbon power^a^Energy efficiency^b^Waste, water^c^TotalGlobal totalFiscal stimulusGDP^d^China1.6182.434.0218.041.833.63.1United States39.358.320.0117.722.512.00.9South Korea30.915.213.859.911.578.75.0Japan14.029.10.243.38.36.11.0European Union^e^13.19.60.022.84.458.70.2Germany0.013.80.013.82.613.20.5France0.95.10.26.21.218.20.3United Kingdom0.94.90.15.81.116.30.3Canada1.11.40.32.80.58.70.2Italy0.01.30.01.30.31.30.1Total G20105.3330.178.1513.598.317.10.8Global total107.6335.479.1522.1100.015.70.7G20 is the Group of 20 countries. The members of the G20 include 19 countries (Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan, Mexico, Russia, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US), plus the European Union^a^Support for renewable energy (geothermal, hydro, wind and solar, nuclear power, and carbon capture and sequestration^b^Support for energy conservation in buildings; fuel efficient vehicles; public transport and rail; and improving electrical grid transmission^c^Support for water, waste and pollution control, including water conservation, treatment and supply^d^Based on 2007 estimated Gross Domestic Product (GDP) in terms of purchasing power parity, from the US Central Intelligence Agency The World Factbook, available at <https://www.cia.gov/library/publications/the-world-factbook/rankorder/2001rank.html>^e^Only the direct contribution by the European Union is included

European G20 economies spent considerably less (Table [1](#Tab1){ref-type="table"}). For example, Germany spent the most on green stimulus (\$13.8 billion), followed by France (\$6.2 billion), United Kingdom (\$5.8 billion) and Italy (\$1.3 billion). Together, this spending amounted to just over 5% of the global green stimulus. The direct contribution of the European Union totaled \$22.8 billion, which was 4.4% of the global aggregate.[6](#Fn6){ref-type="fn"}

Over 64% of the global green stimulus (\$335 billion) went to improving energy efficiency, with an aim to create much needed jobs in sectors hard-hit by the Great Recession, such as construction (Table [1](#Tab1){ref-type="table"}). Individual European countries especially allocated much of their stimulus to energy efficiency. For example, the entire green stimulus of Germany and Italy was for energy efficiency, 84% of the UK's green stimulus and 83% of France's. In contrast, 42% of the direct contribution of the European Union was for energy efficiency, and the rest to low-carbon power.

The green stimulus over 2008--2009 by China, South Korea, United States, and Japan amounted to a sizable share of their GDP. However, the type of green stimulus varied considerably across country (Table [1](#Tab1){ref-type="table"}). For example, China invested 3% of its GDP on green stimulus (\$218 billion), but most (84%) went on energy efficiency. In comparison, South Korea promised to spend 5% of GDP (\$60 billion) over 2009--2013 as part of a long-term strategy to develop key green industries, such as solar panels, electric cars, wind turbines and high-speed trains, as well as for projects on river restoration and flood control. Only a quarter of its green stimulus went to energy efficiency. The US invested 0.9% (\$118 billion) of its GDP and Japan 1.0% (\$43 billion) on their respective green stimulus. The US spent half of this stimulus on energy efficiency, but also \$39 billion on low-carbon power and \$20 billion on waste and water. Over two-thirds of Japan's green stimulus was for energy efficiency, with the remainder on low-carbon power. However, once the global economic recovery began in 2010, no major green public policy and spending initiative of this scale has been implemented by these four or any other G20 economies.

The contrasting cases of the United States and South Korea are instructive, and help clarify possible lessons for long-term greening of post-pandemic economies today.

The United States spent nearly \$120 billion on green stimulus during the Great Recession, about 1% of its GDP, through the American Recovery and Reinvestment Act (ARRA) and smaller programs. Around half of this expenditure went into energy conservation and other short-term energy efficiency investments to quickly boost the economic recovery and generate employment (see Table [1](#Tab1){ref-type="table"}). As the CEA ([@CR20], p. 13) noted, "A key element in all of the ARRA clean energy-related investments is that while they were designed to provide long-term benefits, the allocations focused as much as possible on projects that were 'shovel-ready' and could be deployed relatively quickly, in order to take advantage of resources in the economy that were under-utilized due to the Great Recession." By the end of 2009, 44,200 new jobs were created through energy efficiency, 16,900 jobs in renewable energy generation (mainly installation) and 2200 jobs from other clean energy investments (CEA [@CR19]). From 2009 to 2015, the clean energy-related stimulus programs, most notably energy efficiency, were responsible for 900,000 job-years (full-time jobs over one year) and the training of over 30,000 students for solar careers (CEA [@CR20]).

The stimulus did help growth of renewable energy (Aldy [@CR2]; CEA [@CR20], [@CR21]; Mundaca and Richter [@CR51]). From 2008 to 2015, the share of non-hydropower renewables in electricity generation increased from 3 to 7% (CEA [@CR21]). And while this growth reduced CO~2~ emissions, the more significant impact came from the slow-down in the economy and switching from coal to natural gas due to the availability of relatively cheap natural gas. In addition, most of the increase in new electricity generation from renewables has been largely due to the large declines in the capital costs of wind and solar installation and generation capacity since 2008 (CEA [@CR21]; Lazard [@CR45]).

However, there has been no dramatic de-carbonization of the US economy, although CO~2~ fossil fuel emissions have continued a steady average decline of 0.8% per year from 2013 to 2018 and are projected decline of 1.7% in 2019 to 53 billion tonnes (Jackson et al. [@CR43]; Peters et al. [@CR55]). Although renewable and other sources of low-carbon energy continue to grow, so has growth in energy use from fossil fuels. Overall, it is the displacement of coal by natural gas and reduction in overall US electricity demand that is exerting a greater influence on CO~2~ emissions than the expansion of solar and wind power for electricity generation or the use of hybrid and electric vehicles (Jackson et al. [@CR43]; Peters et al. [@CR55]).

In sum, the 2008--2009 green stimulus in the US did impact job creation and expansion of renewables for several years, but it is no longer helping to de-carbonize the US economy. This is largely attributable to the failure to implement additional incentives, such as pricing carbon, and the "policy void" of any substantial public spending initiatives on the environment since the Great Recession (Barbier [@CR7]). For example, the green stimulus was originally intended to be combined with a carbon cap-and-trade program, which would have increased substantially renewable energy investment even after the short-term stimulus had expired (Mundaca and Richter [@CR51]). Although the continued growth in renewables and low-emission vehicles is encouraging, without a price on carbon, they are unlikely to displace fossil fuels anytime soon as the major source of energy in the US.

In contrast, South Korea responded to the Great Recession by promoting "low carbon, green growth" as the new long-term development vision of the country. It allocated \$60 billion, or 5% of Korea's GDP, for its 5-year Green New Deal plan over 2009--2013 (see Table [1](#Tab1){ref-type="table"}). The plan was based around major industrial projects and spending programs, to encourage the substitution of renewable energy sources for conventional fossil fuels, the reduction of resource intensity, and the targeting of green projects through eco-finance, as well as large-scale construction projects such as for Four Rivers Restoration Project to control flooding and water supply and high-speed rail (Barbier [@CR5]; Jones and Yoo [@CR44]; Mathews [@CR47]). It had the aim of creating 1.5--1.8 million jobs and boosting economic growth through 2020 (Barbier [@CR5]). Korea's Green New Deal was also the catalyst for a long-term strategy by 2030 to halve energy intensity, reduce by one-quarter the country's dependence on imported fossil fuels, and increase the share of nuclear power and renewables to 40% of primary energy consumption (Duffield [@CR22]).

While the Korean Green New Deal did succeed initially in spurring growth and employment, its longer term aims of a green economic transition has fallen short (Choi and Qi [@CR16]; Duffield [@CR22]; Ha and Byrne [@CR32]; Sonnenschein and Mundaca [@CR70]) In the end, South Korea may have spent only \$26 billion on low-carbon energy as part of its Green New Deal (Sonnenschein and Mundaca [@CR70]). It also failed to adopt pricing reforms and other policy incentives to foster renewables, such as phasing out fossil fuel subsidies, enforcing carbon targets and stringent regulatory frameworks. This has slowed the pace of adopting renewables, reducing energy intensity and de-carbonization. For example, South Korea's coal-fueled power plants still account for 43% of the nation's electricity generation and approximately 25% of its total carbon emissions; consequently, the country is the world's seventh-largest producer of CO~2~ emissions (Choi and Qi [@CR16]). Although the goal was to lower energy intensity by 2.5% per year up to 2030, it declined by less than 1% annually from 2006 to 2016 (Ha and Byrne [@CR32]). The result is that South Korea's CO~2~ emissions continue to increase.

Initially, South Korea also saw its industrial strategy tied to green growth (Barbier [@CR5]; Hwang et al. [@CR37]; Mathews [@CR47]). In addition to the Green New Deal adopted during the Great Recession, the South Korean government established a US \$72.2 million renewable energy fund to attract private investment in solar, wind and hydroelectric power projects. This green industrial policy has had some limited success. By the end of the five-year plan, South Korea emerged with a competitive advantage and significant green innovation in basic chemical industries (excluding fertilizer) and special purpose machinery (Fankhauser et al. [@CR24]). As part of its transition to a low-carbon economy, South Korea also plans to develop green technologies to manufacture fuel cells, heat pumps and high efficiency lighting (Hwang et al. [@CR37]). In this regard, one of the successes of the Korean green industrial strategy has less to do with the high-profile infrastructure projects of the Green New Deal but other programs that support green research and development (R&D) tax credits and allowances, tax reductions for the wages of R&D workers and accelerated depreciation of capital used for R&D, which at 0.3% of GDP has created one of the highest levels of support among major economies (Jones and Yoo [@CR44]).

South Korea did adopt a carbon emissions trading scheme (ETS) in 2015. The scheme covers about 68% of the country's emissions and is considered a major post-Recession policy for controlling greenhouse gases. The main compliance tools under the ETS involve either directly decreasing CO~2~ emissions or purchasing emission allowances in the trading market. Unfortunately, the scheme has faced a number of challenges that have limited its effectiveness (ADB [@CR4]; Choi and Qi [@CR16]). The ETS market price has been consistently too low to encourage major emitters in the economy, such as coal-fueled power plants, to actively participate in the carbon emissions-trading market, and thus trading volumes have remained small (Choi and Qi [@CR16]). With a relatively low number of participants and trades, and high uncertainty over the carbon price, many participants have been unwilling to sell unused allowances and have instead held onto them for future compliance periods. Additional allowances released by the government were unsuccessful in stimulating the trade (ADB [@CR4]). As the carbon price remains well below the marginal abatement costs for carbon, especially for coal-fueled power plants, it has been suggested that the Korean government impose a carbon tax, adjust carbon emission quotas, remove fossil fuel subsidies and introduce more stringent regulations both to make the ETS more effective and spur de-carbonization (Choi and Qi [@CR16]; Sonnenschein and Mundaca [@CR70]).

Several important lessons emerge from these national experiences.

First, the green stimulus packages enacted during the Great Recession followed the general recommendation for all fiscal stimulus packages that they be "timely, targeted and temporary" (Aldy [@CR2]). The emphasis on energy efficiency spending, and "shovel-ready" clean energy projects in the US stimulus did impact job creation and expansion of renewables for several years, but provided little long-term support for de-carbonizing the US economy.

Second, even when there is a sustained five-year green investment program enacted, as in the case of South Korea's Green New Deal, expenditure on large-scale infrastructure projects appear to be less important to a sustained growth in renewables, green industrial innovation and development and de-carbonization than more targeted policies, such as public support for green R&D investment in the economy.

Finally, spending alone will not de-carbonize and create a sustainable economy. There is a need for complementary pricing reforms to transition to clean energy, such as phasing out fossil fuel subsidies and taxing carbon and environmental damages. Implementing these and other pricing reforms will provide the incentives for long-term investments in low-carbon energy, reducing dependence on fossil fuels and creating a more sustainable economy.

Pricing Reforms and Public Investments {#Sec4}
======================================

The biggest obstacles to sustaining long-term green structural transformation after the COVID-19 crisis in G20 economies are major market disincentives, especially the underpricing of fossil fuels and market failures that inhibit green innovation. Overcoming these obstacles will involve two steps. First, removing fossil fuel subsidies and employing and carbon taxes to further reduce the social costs of fossil fuel use. Second, allocating any resulting revenue to public support for green innovation and key infrastructure investments.

The most significant deterrent to green structural transformation and innovation in G20 economies is the persistent underpricing of fossil fuels. Current markets for coal, oil and natural gas, as well as for their key products---electricity generation, diesel and gasoline---not only exclude these environmental damages and other impacts, but the prices in these markets are frequently subsidized in G20 economies (Barbier [@CR7]; Coady et al. [@CR17], [@CR18]; Gençsü et al. [@CR26]; IEA [@CR38]; IISD [@CR40]; Parry et al. [@CR54]; Whitley et al. [@CR71]). For example, although coal-fired power plants are the single largest contributor to the growth in global CO~2~ emissions, annul support for coal by G20 governments includes \$27.6 billion in public finance, \$15.4 billion in fiscal support and \$20.9 billion in state-owned enterprise investments (Gençsü et al. [@CR26]). In addition, there are significant annual subsidies for exploration and exploitation of new reserves of fossil fuels (Bast et al. [@CR12]).

Table [2](#Tab2){ref-type="table"} depicts various estimates of the underpricing of fossil fuels in G20 economies. They include around \$88 billion in subsidies in exploration for fossil fuels, which account for on average around 0.2% of the GDP of G20 economies. In addition, nine emerging market economies of the G20 spend over \$200 billion annually on fossil fuel consumption subsidies, which is about half the global amount of such subsidies, which amounts on average to 1.8% of their real GDP. The seven major economies of the G20---Canada, France, Germany, Italy, Japan, the United Kingdom and the United States---spend \$100 billion annually on fiscal support and public finance for fossil fuels, or around 0.3% of their GDP.Table 2Underpricing of fossil fuels, group of 20 economiesAnnual exploration subsidies (\$ billion) 2010--2013^a^Share of GDP (%)^b^Annual consumption subsidies (\$ billion) 2018^c^Share of GDP (%)^c^Annual public subsidies (\$ billion) 2015--2016^d^Share of GDP (%)^b^Annual post-tax subsidies (\$ billion) 2015^e^Share of GDP (%)^e^Argentina6.51.56.41.2192.9Australia3.60.3292.3Brazil12.00.5Canada3.50.24.70.3432.7China11.50.244.40.3143212.8France0.060.08.00.3351.4Germany0.50.018.60.5722.1India4.60.325.40.920910.0Indonesia0.50.131.33.19711.3Italy0.70.017.90.9Japan6.00.112.50.21774.0Mexico3.00.313.71.1544.6Russia6.00.437.22.355140.3Saudi Arabia17.03.244.75.711717.9South Africa0.0040.04.21.14514.0South Korea3.10.30.10.0Turkey1.00.1647.4United Kingdom2.00.111.00.4281.0United States6.50.027.40.26493.6G20 total87.90.2207.41.8100.20.336028.6World426.75200G20 is the Group of 20 countries. The members of the G20 include 19 countries (Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan, Mexico, Russia, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US), plus the European Union. The G20 total excludes the European Union^a^Bast et al. ([@CR12]). Exploration subsidies include government subsidies for exploration, public investment on exploration through state-owned enterprises, and public finance from domestic and international sources for exploration^b^Gross Domestic Product (GDP) in constant 2010 US\$), from World Development Indicators, <http://databank.worldbank.org/data/databases.aspx>^c^IEA ([@CR38]). The IEA estimates subsidies to fossil fuels that are consumed directly by end-users or consumed as inputs to electricity by comparing average end-user prices paid by consumers with reference prices that correspond to the full cost of supply^d^Whitley et al. ([@CR71]). Fossil fuel subsidies include (1) fiscal support (budgetary transfers and tax expenditures); and (2) public finance (grants, loans, equity infusions and guarantees)^e^Coady et al. ([@CR18]). The IMF estimates of post-tax fossil fuel subsidies reflect differences between actual consumer fuel prices and how much consumers would pay if prices fully reflected supply costs plus the taxes need to address environment damages, such as the costs of climate change, local pollution, traffic congestion, accidents and road damage, and revenue requirements

Perhaps the most comprehensive estimate of the underpricing of fossil fuels is the IMF's "post-tax" subsidies approach (Coady et al. [@CR17], [@CR18]; Parry et al. [@CR54]). Their method is based on calculating differences between actual consumer fuel prices and how much consumers would pay if prices fully reflected supply costs plus the taxes need to address environment damages, such as the costs of climate change, local pollution, traffic congestion, accidents and road damage, and revenue requirements. Globally, the underpricing of fossil fuels continue to be large at \$4.9 trillion (6.5% of global GDP) in 2013, \$4.7 trillion (6.3% of GDP) in 2015 and \$5.2 trillion (6.5% of GDP) in 2017 (Coady et al. [@CR17], [@CR18]).

Table [2](#Tab2){ref-type="table"} shows that, in 2015, the post-tax subsidies in 16 major economies amounted to \$3.6 trillion (8.6% of GDP on average), which was nearly 70% of the global total. Underpricing for the costs of climate change accounts for 24% of the global subsidy in 2015, local air pollution 48%, broader environmental costs of road fuels 15%, and consumption and supply costs 7% each (Coady et al. [@CR18]). If fuel prices had been set at fully efficient levels in 2015, estimated global CO~2~ emissions would have been 28% lower, fossil fuel air pollution deaths 46% lower, and fiscal revenues \$2.8 trillion higher (3.8% of global GDP) (Coady et al. [@CR18]). Given that G20 economies contribute to 80% of global CO~2~ emissions, eliminating the underpricing of fossil fuels in the economies would certainly have a substantial impact on annual global emissions. But the majority of the environmental and economic costs of underpricing fossil fuels---air pollution deaths, morbidity and congestion costs, excessive fiscal spending, and consumption and supply inefficiencies---are not global costs but borne locally (Parry et al. [@CR54]).

The persistent underpricing of fossil fuels also distorts substantially the attractiveness of investing in and using these sources of energy compared to the alternative of clean energy. The costs of renewable energy, especially solar and wind, has declined considerably in recent years, and reached levels of market competitiveness with fossil fuels, most notably in electricity generation (Lazard [@CR45]). As the IISD ([@CR39], p. 6) notes, "If governments maintain policies that support fossil fuels while the gap between costs on renewables and fossil fuel-based energy grows, taxpayers will be left with a growing fiscal burden to fund the difference." More importantly, if G20 economies continue with public funding of exploration, consumption and other fossil fuel subsidies, as well as fail to price carbon and pollution, they are further retarding the transition to a clean energy economy (Barbier [@CR6], [@CR7]).

Ending the underpricing of fossil fuels in G20 economies would not only remove major market disincentive to green structural transformation and innovation but also raise substantial revenue. As noted above, 16 G20 economies account for around 70% of the global underpricing of fossil fuels (Table [2](#Tab2){ref-type="table"}). As a rough calculation, applying this percentage to the total fiscal revenues of \$2.8 trillion gained by efficient pricing (Coady et al. [@CR18]) suggests that the amount for these 15 economies could be around \$1.94 trillion. This is around 3.7% of the aggregate 2015 GDP (constant 2010 \$) of these economies.[7](#Fn7){ref-type="fn"}

Although it is unlikely for full efficient pricing to be implemented for fossil fuels in G20 economies, pricing reforms that removed exploration, consumption and other public subsidies, as well as taxing carbon and other pollutants, could nonetheless raise significant revenues over many years. These funds could be used to support green R&D and innovation and other critical long-term public investments. Even partial pricing reforms could "tip the balance" between fossil fuels and cleaner sources of energy.

For example, IISD ([@CR39]) maintains that a 10--30% subsidy swap from fossil fuel consumption to investments in energy efficiency and renewable energy electricity generation could substantially improve the transition to a low-carbon economy. Already, some progress along these lines been made in two emerging market G20 economies, India and Indonesia. A study of 26 countries---10 of which are in the G20---found that the removal of fossil fuel subsidies on its own reduce greenhouse gas emissions reductions by 6% on average for each country from 2018 until 2025 (IISD [@CR40]).[8](#Fn8){ref-type="fn"}

A more ambitious policy combining subsidy removal and carbon taxation could do even more to secure a green economy transition. Take the United States as an example. As Table [2](#Tab2){ref-type="table"} indicates, there could be \$6.5 billion in exploration subsidies and \$27 billion in public support subsidies for fossil fuels that could be re-allocated.[9](#Fn9){ref-type="fn"} In addition, based on Resources for the Future (RfF)'s E3 Carbon Tax Calculator (Hafstead [@CR33]), a \$40 per tonne tax, rising at 1% per year above inflation, could reduce cumulative US emissions by 19.5 billion tonnes over 2020--2035 and raise on average \$160 billion per year in revenues.[10](#Fn10){ref-type="fn"} The latter amounts to around 0.9% of the US GDP of \$17.9 trillion (constant 2010 \$) in 2018.[11](#Fn11){ref-type="fn"}

The upshot is that the combination of fossil fuel subsidy removal and a carbon tax could correct market disincentives as well as provide revenues for 5--10 years of necessary expenditures on public support for green innovation and key infrastructure investments in the United States, and in other G20 economies.

An important impetus for rapid economy-wide innovation is "technology spillovers". These occur when the inventions, designs and technologies resulting from the research and development (R&D) activities by one firm or industry spread relatively cheaply and quickly to other firms and industries. These include cross-firm externalities, industry-wide learning, skill development, or agglomeration effects. However, spillovers also undermine the incentives for a private firm or industry to invest in R&D activities. The private investor bears the full costs of financing R&D, and may improve its own technologies and products as a result, but the investor receives little or no returns from the subsequent spread of these innovations throughout the economy. The consequence is that private firms and industries routinely under-invest in R&D, and the result is less economy-wide innovation overall.

As pointed out by Rodrik ([@CR57], p. 470), such market disincentives for investing in innovation "exist in general for all kinds of new technologies, whether they are of the green or dirty kind. However, their novelty, their highly experimental nature, and the substantial risks involved for pioneer entrepreneurs suggest green technologies may be particularly prone to these failures." For example, they are found to be a deterrent to clean energy innovation and development in both emerging market economies and North America (Barbier [@CR7]; Harrison et al. [@CR34]). Even among the major economies involved in the "green race" to become competitive leaders globally, economy-wide green innovation falls well short of the level necessary to generate structural transformation (Fankhauser et al. [@CR24]).

Moreover, overcoming this disincentive cannot be achieved solely by the use of market-based incentives to correct inefficient pricing but requires the simultaneous implementation of "technology-push policies", such as research and development (R&D) subsidies, public investments, protecting intellectual property, and other initiatives (Acemoglu et al. [@CR1]; Goulder [@CR29]). Market-based incentives may reduce pricing distortions that put green goods and services at a competitive advantage. However, only technology-push policies directly address the tendency of firms and industries to under-invest in green R&D. Thus, a strategy for a green economic transition must include correcting market disincentives as well as a long-term commitment of public support and funding for private green R&D and innovation.

But there is good news, too, on the costs of promoting clean energy. Gillingham and Stock ([@CR27]) suggest that the high costs today of reducing carbon emissions through some low-carbon technologies could fall quickly if the right policies are adopted.

Expenditures targeted at clean energy research and development will lead to lower costs and wider adoption, as the technology becomes more familiar, innovation spreads, and production scales up. Gillingham and Stock ([@CR27]) cite the rapid fall in solar panel costs as one example. There is also a network, or "chicken and egg", effect where increasing demand for a clean-energy technology or product fosters related innovations that lower cost. For example, purchases of electric vehicles will stimulate demand for charging stations, which once installed will reduce the costs of running electric vehicles and further boost demand. This suggests that subsidies for purchasing electric vehicles can kick-start this network effect, but should be phased out once the effect takes hold.

However, public support and investments may also be critical for the removal of other bottlenecks to green structural transformation of G20 economies. For example, one obstacle across all economies is inadequate transmission infrastructure for renewables. This can only be overcome through public investments to design and construct a "smart" electrical grid transmission system that can integrate diffuse and conventional sources of supply. Another is urban development policies that combine municipal planning and transport policies to foster more sustainable cities. Finally, public investment in mass transit systems, both within urban areas and major routes connecting cities has been a long-neglected aspect of public infrastructure development throughout many economies. These and other areas of possible long-term investments for a green recovery are important areas for future research.

Finally, G20 countries with substantial tropical areas, such as Australia, Brazil, India, Indonesia and Mexico, should also consider adopting a "tropical carbon tax" (Barbier et al. [@CR11]). This is a levy on fossil fuels that is invested in natural climate solutions (NCS) aimed at conserving, restoring and improving land management to protect biodiversity and ecosystem services. NCS are a relatively inexpensive way of reducing tropical land use change, which is a major source of greenhouse gas emissions. For example, cost-effective tropical NCS can mitigate 6560 10^6^ tonnes of CO~2~e in the coming decades at less than \$100 per 10^3^ tonnes of CO~2~e, which is about one quarter of emissions from all tropical countries (Griscom et al. [@CR31]). Costa Rica and Colombia have already adopted a tropical carbon tax strategy. If a policy similar to Colombia's was put in place by India, it could raise \$916 million each year to invest in natural habitats that benefit the climate; similarly, Brazil could fund \$217 million annually, Mexico \$197 million and Indonesia \$190 million (Barbier et al. [@CR11]). A more ambitious policy of taxation and revenue allocation could yield nearly \$6.4 billion each year for natural climate solutions in India, \$1.5 billion for Brazil, \$1.4 billion for Mexico and \$1.3 billion for Indonesia.

Natural climate solutions, such as reversing deforestation, reforestation, increasing soil carbon levels and enhancing wetlands, are increasingly considered cost-effective investments for mitigating greenhouse gas emissions from land use for temperate G20 economies as well (EASAC [@CR23]; Fargione et al. [@CR25]; Griscom et al. [@CR30]). NCS can provide over one-third of the cost-effective climate mitigation needed by 2030 to stabilize warming to below 2 °C, with one-third of this mitigation costing \$10 per 10^3^ tonnes of CO~2~e or less (Griscom et al. [@CR30]). At this cost, the United States could abate 299 million tonnes CO~2~e of greenhouse gas emissions annually through NCS, which would also provide other benefits, such as air and water filtration, flood control, soil conservation and wildlife habitats (Fargione et al. [@CR25]).

To summarize, the lack of public support for private green R&D and insufficient public investments to overcome other obstacles to long-run green transitions in G20 economies, are serious impediments that need to be addressed. In the current fiscal climate in G20 economies, in which \$8 trillion has already been spent on combatting the health and economic crises of the pandemic, it may prove difficult to raise additional funds for sustaining additional public investments over the next 5--10 years to "green" the recovery. In recognition of this, there is an urgent need for research into the design of policies, such as a carbon tax, to correct market disincentives as well as generate revenues for longer term essential expenditures on public support for green innovation and key infrastructure investments for a post-coronavirus recovery.

Employment, Income and Wealth {#Sec5}
=============================

The final research question---what are the likely implication for employment and the distribution of wealth and income in G20 economies?---is perhaps the most difficult to address at this time. Yet, it may be the most important one, and certainly significant given the skyrocketing unemployment and disproportionate impacts on lower-income households caused by the pandemic.

There is a general presumption that, although the transition to a low-carbon economy will entail some job losses, there will be a net gain in employment overall in major economies. For example, the New Climate Economy report suggests that such a transition will cause low-carbon employment to rise by 65 million people by 2030, more than offsetting employment losses in declining sectors, leading to a net gain of 37 million jobs (NCE [@CR52]). The ILO ([@CR41]) estimates that, limiting climate change to 2 °C, would create approximately 24 million jobs at the loss of approximately 6 million jobs, producing a net increase of 18 million jobs by 2030.

However, the OECD ([@CR53], p. 11) takes a less sanguine view, arguing that: "Robust empirical evidence of the overall employment effects of ambitious green policies is still lacking. Major transformations of the economy towards green growth are very scarce, and this complicates econometric analysis." Clearly, there is much more work to be done on this crucial research question.

Economic analyses of the possible income and wealth implications of a major transformation to a green economy are even rarer. Structural transformation and technological change towards less-polluting and more resource-efficient economic activities are bound to have significant income and wealth impacts. To some extent, the distribution effects can be offset by policy measures. For example, the Canadian province of British Colombia designed its carbon tax to be revenue-neutral, using any funds raised to reduce corporate and personal income taxes and the burden on low-income households (Metcalf [@CR49]; Yamazaki [@CR62]). Other possible options are to recycle revenues to lessen payroll taxes, pay annual dividends to households, raise the minimum wage, provide payments or retraining for displaced workers, and reduce burdens for vulnerable households affected by the green transition.

These are important policies to consider in addition to using the revenues from removal of fossil fuel subsidies or imposing taxes on carbon and other environmental damages to fund long-term public support for green innovations and key infrastructure investments. If sufficiently large, the revenues gained from ending the underpricing of fossil fuels could fund both an ambitious strategy of public investments for the green transition as well as a range of policies and programs to offset the distributional consequences of the transition.

For example, the IMF ([@CR42]) maintains that containing global warming to 2 °C or less would require rapidly phasing in measures equivalent to a global tax of at least \$75 per ton by 2030, whereas the current global average carbon price is \$2 per ton. According to their calculations, for many countries, a \$75 per tonne carbon tax would increase gasoline prices by less than the recent collapse in global oil prices during the pandemic. For the United States, even just a \$65 per tonne tax, rising at 1% per year above inflation, could reduce cumulative US emissions by 25.6 billion tonnes over 2020--2035 and raise on average \$234 billion per year in revenues (1.4% of 2018 real GDP).[12](#Fn12){ref-type="fn"} These revenues should be sufficient to fund long-term commitments (5--10 years) of public spending on green innovation and key infrastructure and additional expenditures to reduce the burden on low-income households, displaced workers, lowering payroll taxes, and other measures to reduce employment, income and wealth effects.

Conclusion {#Sec6}
==========

Based on input from central bankers and ministries of finance, Hepburn et al. ([@CR36]) have identified several priority policies for a green stimulus to ensure that the post-pandemic economic recovery will assist rather than retard progress on climate change: clean physical infrastructure, building efficiency retrofits, investment in education and training, clean energy R&D and natural climate solutions. These are all important policies to include in stimulus packages, as soon as possible.

However, an important lesson from the green stimulus packages enacted during the 2008--2009 Great Recession is that policies for a sustained economic recovery amount to much more than just short-term fiscal stimulus. Transitioning from fossil fuels to a sustainable, low-carbon economy after the COVID-19 crisis will require long-term commitments (5--10 years) of public spending and pricing reforms. The priorities for public spending are support for private sector green innovation and infrastructure, development of smart grids, transport systems, charging station networks, and sustainable cities. Pricing carbon and pollution, and removing fossil-fuel subsidies, can create the market incentives to accelerate the transition, raise revenues for the necessary public investments, and lower the overall cost of the green transition. Moreover, more ambitious policies to reduce the under-pricing of fossil fuels could raise enough revenues for both public support for green innovation and key infrastructure investments and to mitigate any burdens on low-income households, displaced workers and affected firms, and the unemployed. This suggests a very rich agenda for future research into these important policy issues.

The members of the G20 include 19 countries (Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan, Mexico, Russia, Saudi Arabia, South Africa, South Korea, Turkey, the United Kingdom and the United States), plus the European Union.

From the World Bank's World Development Indicators, <http://databank.worldbank.org/data/databases.aspx>.

This is not to say that greening the recovery of other economies, especially low and middle-income countries, is not also essential. An important lesson of what worked and what did not during the 2008--2009 Great Recession, is that the package of reforms should be different for major economies, such as the G20, as opposed to low and middle-income economies, given the very different structural features of the latter (Altenberg and Assmann [@CR3]; Barbier [@CR5], [@CR8]; Harrison et al. [@CR34]).

I am grateful for Jon Strand and Michael Toman for pointing this distinction out to me; e.g., see Strand and Toman ([@CR58]). For an ex-post analysis review of the evidence on short versus long-term effects of fiscal stimulus during the Great Recession generally, see Ramey ([@CR56]).

See, for example, Hepburn et al. ([@CR36]), who suggest several priority policies for a green stimulus to ensure that the economic recovery from the pandemic will assist rather than retard progress on climate change.

Two other G20 economies not shown in Table [1](#Tab1){ref-type="table"}, Australia and Saudi Arabian, spent considerably more than European economies on green stimulus over 2008--2009. Australia invested \$9.9 billion (1.3% of GDP), of which 65% was on energy efficiency and the remainder on low-carbon power. Saudi Arabia spent \$9.5 billion (1.7% of GDP), all on waste, water and pollution control. Sweden invested \$4.2 billion (1.3% of GDP) in energy efficiency and Poland spent \$2.1 billion (0.3% of GDP) on low-carbon power.

GDP data are from the World Bank's World Development Indicators, <http://databank.worldbank.org/data/databases.aspx>.

The 10 G20 economies are Brazil, China, Germany, India, Indonesia, Mexico, Russia, Saudi Arabia, South Africa, and the United States.

See Metcalf ([@CR48]) for a detailed analysis of the removal of current public support subsidies through tax preferences for US oil and natural gas production.

For further details of the model behind the E3 Carbon Tax Calculator, see Chen et al. ([@CR15]). Metcalf ([@CR49]) and Metcalf and Stock ([@CR50]) explore the macroeconomic implications of imposing a carbon tax in British Columbia and European countries, and find no adverse, and possibly even positive, impacts on GDP and overall employment.

GDP data are from the World Bank's World Development Indicators, <http://databank.worldbank.org/data/databases.aspx>.

As before, the carbon tax simulation is calculated using (Hafstead [@CR33]) and the GDP data are from the World Bank's World Development Indicators, <http://databank.worldbank.org/data/databases.aspx>.
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